A B S T R A C T The response of the hexose monophosphate shunt in erythrocytes was studied with the ionization chamber-electrometer apparatus to measure continuously "4CO2 derived from "4C-labeled substrates. The effect of methylene blue at high (0.1 mM) and low (1 AhM) concentrations was evaluated under different gas mixtures; air, carbon monoxide, and 6% carbon monoxide in air. The latter gas mixture results in nearly 100% carboxyhemoglobin but provides a physiologic partial pressure of oxygen. The extent to which pentose is recycled through the shunt in response to methylene blue stimulation was examined with radioactive glucose substrates labeled on the first, second, and third carbon positions. Generation of hydrogen peroxide after stimulation of erythrocytes with methylene blue was evaluated by the catalase-aminotriazole trapping technique, [14C1 formate oxidation, and oxidation of reduced glutatione. Stimulation of the shunt with 1 AM methylene blue was markedly impaired in the absence of oxyhemoglobin, but stimulation with 0.1 mM methylene blue was only slightly impaired under the carbon monoxide-air mixture. The higher concentration of methylene blue produced evidence of hydrogen peroxide generation by all three techniques. Despite the evidence for the involvement of oxygen, oxyhemoglobin, and hydrogen peroxide in the response to methylene blue, cells containing methemoglobin induced by sodium nitrite or from a patient with congenital methemoglobinemia responded normally to methylene blue in the absence of oxygen. These experiments indicate that the reactions induced by methylene blue in erythrocytes are more complex than generally thought and that high concentrations are associated with production of peroxide.
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INTRODUCTION
The redox dye, methylene blue, is a standard agent for use in the study of the hexose monophosphate shunt (HMPS)1 pathway (1) (2) (3) (4) (5) . This compound functions as an intermediate in the transfer of electrons from pyridine nucleotides to a suitable electron acceptor, thereby stimulating the HMPS in a variety of cell systems. In the erythrocyte, methylene blue is reduced to leukomethylene blue primarily by an NADPH-dependent diaphorase. The diaphorase is reduced via oxidation of NADPH that, in turn, stimulates the HMPS, and leukomethylene blue transfers electrons to an acceptor such as methemoglobin. This series of reactions can be utilized clinically for the reduction of ferric to ferrous heme iron in patients with acquired methemoglobinemia. Leukomethylene blue may also react with oxyhemoglobin or molecular oxygen resulting in increased oxygen uptake by erythrocytes.
We have investigated further the mechanisms by which methylene blue stimulates the HMPS in intact human erythrocytes. By using a range of concentrations of methylene blue and different gas mixtures it is apparent that stimulation of the HMPS by methylene blue may occur by more than one mechanism and that the presence of oxygen is not required. On the other hand, methylene blue in high concentrations may react with oxyhemoglobin-producing oxygen radicals that react, in turn, with reduced glutathione and stimulate the HMPS via the glutathione peroxidase-reductase reaction. This mechanism might account for the toxicity of methylene blue when used in therapeutic excess (6) .
The use of ["CIglucose stubstrates labeled on different HMPS at various levels of stimulation with methylene blue. METHODS
Preparation of erythrocytes
Venous blood was collected in heparinized tubes from normal volunteers and a patient with congenital methemoglobinemia (NADH diaphorase deficiency) and was centrifuged at 1,000 g for 10 mim. The plasma and buffy coat were removed and the erythrocytes were washed once in 5 vol of saline and resuspended in a pH 7.4 buffer containing 145 mM sodium, 5 mM potassium, 20 mM glycylglycine, 5 mM glucose, and 145 mM chloride. As reported previously, pH values in this incubation system were maintained at 7.3 or greater for more than 3 h (7). Leukocyte and platelet contamination was less than 1,000/mm3 and 10,000/mm3, respectively. Metabolic studies 3-4 ml of packed erythrocytes (RBC) were resuspended in buffer to a final volume of 10 ml in a 50-ml triple-headed distilling flask to which was then added 5 ,Ci of radioactive substrate. All radioactive reagents were obtained from Amersham/Searle Corp., Arlington Heights, Ill.
The inlet of the flask was connected to a gas cylinder containing either compressed air, carbon monoxide (CO), or 6% CO in air. The latter gas mixture produces nearly 100%0 carboxyhemoglobin while maintainiing a physiologic Po2 (approximately 140 mm Hg). The outlet arm of the flask was connected to a 275-ml Cary-Tolbert ionization chamber an(i a Cary Mvlodel 401 vibrating reed electrometer (Cary Inistrumenits. fonrovia. Calif.). The third arm of the flask was covered with a rubber stopper through which reagents could be addedlor samples withdrawxn through a spinal needle. The use of the ionization chamber-electrometer apparatus for continuous monitoring of "CO2 produced by cell suspensions, and our modificationis of this apparatus, have been described in detail elsewhere (7) (8) (9) . A duplicate system was used so that 1"CO2 derived from ["C]glucose could be measured simultaneously from both control and the experimental flasks. The incubation flasks were maintained at 37'C throughout these experiments and were stirred continuously. After base-line "CO2 production was established, agents (in buffer) were added through the center well to the experimental flasks and an equal volume of buffer alone (0.1-0.3 cm') to the control flasks. C02 production was calculated from the millivolt reading once steady-state conditions were reestablished in the experimental chambers and compared to the corresponding value from the control flasks. C02 production was calculated as previously described and expressed in micromoles of C02 per milliliter of RBC per hour (7) .
In some experiments, the response of the HMIPS was studied in RBC with methemoglobin. Glutathione stability. RBC were washed thoroughly and resuspended in glycylglycine buffer with or without glucose and with methylene blue. RBC reduced glutathione (GSH) concentrations were then determined before and after 2 or 4 h of incubation at 37'C. RBC GSH values were measured by the 5,5'-dithiobis-2-nitrobenzoic acid method of Beutler et al. (10) .
Catalase inhibition techntique. RBC were incubated for 30 min with N-ethylmaleimide (NEM) in amounts required to bind all intracellular GSH (2-3 umol NEM/ml RBC). The cells were then washed with isotonic saline and incubated for an additional hour with or without methylene blue (0.1 mM) in the presence of 50 mM aminotriazole. In the presence of aminotriazole. hydrogen peroxide and catalase form an irreversible complex. Hydrogen peroxide generation can be detected by serial determinations of catalase (11) . After the second incubation, stroma-free hemolysates were prepared in a concentration equal to a 1: 1,500 dilution of packed RBC. Duplicate 1-ml aliquots of the hemolysate were incubated with sodium perborate substrate for 3 min and residual perborate was titrated with 1 N potassium permanganate according to the method of Tarlov and Kellermeyer (12) . This system provides a qualitative estimate of peroxide generation and results are expressed as percent fall in catalase activity during a 60-min incubation with methvlene blue.
['4C]Forioate oxidation. Since '4C-formate is oxidized to "CO2 in the presence of H202 and catalase, this system was also used to detect H202 (13) . RBC were incubated in metabolic flasks as previously described, except that ["C]-formate wvas used as a radioactive substrate rather than j`QC]glucose. Since there is good evidence that H202 is preferentially reduced by glutathione peroxidase in RBC, [ "C]formate oxidation was also studied in cells treated with NEM to block cellular GSH (14) .
RESULTS
Effect of CO iW. air on, the HMPS of utnstimtutlated and miiethlylence blue-stimulated RBC. The rate of C02 production of RBC suspensions incubated with 6% CO in air compared with air or CO alone is illustrated in Fig.  1 . As previouslv reported, unstimulated RBC suspensions incubated uinder CO have a rate of 1"CO2 production wlhich is 40% of the value under air, suggesting that approximately 60% of baseline HMPS activity is related to reactioiis involving oxygen (15) . In the presence of 6% CO in air, the rate of C02 production of 0.055 jumol/nml RBC per h was significantly lower than the value for RBC suspensions incubated under air (P < 0.05). These data indicate that a major portion of oxvgeni-depenident HMPS activitv of uinstimulated RBC stispelnsions is related to reactions involving oxylhenmoglobin. and lnot nmolecular oxygen.
In RBC suspensions incubated under air, the addition of metlhylene blue in low concentrations (1 AMI) resulted in a prompt increase in "'CO2 production (Fig. 1) were also studied to determine the similarity to nitritetreated cells (Table II) . The rate of '4CO2 production of unstimulated suspensions incubated under air and the response to methylene blue were similar to normal RBC. The rate of 14CO2 production of unstimulated RBC suspensions also was reduced by incubation under CO. The addition of methylene blue, however, resulted in a prompt increase in 14CO2 production similar to nitritetreated cells.
Peroxide generation in RBC incubated with methylene blue. Evidence for hydrogen peroxide generation in RBC incubated with methylene blue was demonstrated by the following experiments.
A significant fall in GSH occurred in RBC incubated without glucose in the presence of 0.1 mM methylene blue (Fig. 3) . Methylene blue at a concentration of 1 gM did not affect GSH concentrations. GSH concentrations did not fall with either concentration of the drug when the incubations were supplemented with glucose. A marked fall in catalase occurred in NEM-treated cells in the presence of the 0.1 mM methylene blue and aminotriazole (Fig. 4) . No fall occurred in the presence of the 1M concentration.
Oxidation of formate proved to be the most sensitive indicator of peroxide generation in response to methylene blue. "4CO2 derived from [14Clformate increased 3 times the base-line value after addition of methylene blue (1 pM) and 40 times the control value in the presence of the higher concentration (0.1 mM). Binding of GSH with NEM diverts peroxide to catalase and, as expected, preincubation of RBC with NEM (3.5 Amol/ml RBC) greatly augmented formate oxidation.
Under these circumstances 1 pM methylene blue produced a 40-fold increase in formate oxidation which in- creased to approximately 250 times the base-line value after addition of 0.1 mM methylene blue. Recycling of pentose with methylene blue stimulation. The use of [1-14C] glucose as a substrate provides a semiquantitative estimate of HMPS activity in RBC and is a useful and convenient method for measuring relative changes in HMPS activity with various experimental manipulations (3, 7) . In fact, however, oxidation of the first carbon atom yields quantitative data regarding the HMPS only under base-line conditions. It is well known that when activity of the HMPS is increased, pentose is recycled via transketolase and "CO2 can then be measured using glucose labeled in the second carbon position. The contribution of recycled pentose to total shunt activity increases progressively as the shunt is stimulated with methylene blue. These data are summarized in Fig. 5 . Under base-line conditions, no "CO2 was detected from glucose labeled in the third position and oxidation of the second carbon was either absent or barely detectable. With addition of 1 uLM methylene blue, C0a production, calculated from oxidation of [1-'4C]glucose, increased from 0.09 to 0.57 4mol/ ml RBC per h. At this level of HMPS activity, 14C02 production from [2-14C] peroxide to be detected by both formate oxidation and aminotriazole trapping. This production of hydrogen peroxide required, of course, the presence of oxygen, but in the presence of methemoglobin it was possible to dissociate shunt activity and oxygen utilization. These observations help to clarify some of the apparent contradictions concerning the effect of methylene blue. For example, Jacob and Jandl found that methylene blue stimulation of the HMPS was not impaired by sulfhydryl blockade and concluded therefore that methylene blue stimulation of the shunt was not associated with hydrogen peroxide generation (5). Roth (18) . Further, the ability of methemoglobin to serve as an electron acceptor for the methylene blue reaction in the absence of oxygen suggests that the concept of oxygen consumption during stimulation of the HMPS is, in a sense, artifactual. We would suggest that the reaction between methylene blue and oxyhemoglobin results in the release of oxygen radicals and that the observed oxygen consumption is really related to the generation of these radicals or the reoxygenation of hemoglobin. Although a substantial portion of HMPS activity in RBC appears to be dependent upon oxygen, it also seems apparent that this activity represents a reaction to the presence of oxygen, or active radicals, rather than a requirement for oxygen.
The effectiveness of methylene blue in reducing methemoglobin is an established clinical fact. In addition, the experiments of Jacob and Jandl showed that stimulation of the HMPS with methylene blue in vitro resulted in accelerated methemoglobin reduction (5) . In those experiments, however, the concentration of methemoglobin did not appear to have any influence on the degree of HMPS stimulation. Our data suggest that methemoglobin and oxyhemoglobin are equally effective as electron acceptors from methylene blue and that rate of activity of the HMPS is governed primarily by the concentration of methylene blue, NADP+, and the HMPS enzymes rather than by the terminal acceptor. Smith and Thron reached a similar conclusion (19) . They noted that reduction of methemoglobin by methylene blue was more rapid under anaerobic conditions than under air, an observation best explained by a competition between oxyhemoglobin and methemoglobin for electrons. This interpretation might also be a possible explanation for those instances of acute hemolytic anemia precipitated by toxic doses of methylene blue. When oxyhemoglobin is the only available electron acceptor, it is possible that there are sufficient oxygen radicals generated to result in RBC injury.
